Background: Electrical connections between ipsilateral pulmonary veins (PVs) have
| INTRODUCTION
Cryoballoon (CB) pulmonary vein isolation (PVI) has been established for catheter ablation of atrial fibrillation (AF). 1, 2 The CB is a singleshot device, and each PV is individually isolated by sequential applications. The second-generation CB proved to have a high procedural efficacy; however, longer freezing carries considerable risk of complications owing to the enhanced cooling effect. 2, 3 Thus, a short freeze strategy with a single large (28-mm) balloon has become the current standard strategy. [3] [4] [5] [6] Although the vast majority of PVs could be isolated by a single second-generation CB application, if the vein is completely occluded, some of the veins are not isolated despite a complete occlusion and require multiple applications for the isolation.
Electrical connections between ipsilateral PVs have been reported in histological 7 and clinical studies. [8] [9] [10] In the segmental radiofrequency PVI, the electrical connections do not have an influence on the procedure because ablation inside the PVs eliminates the connections. In contrast, in an ostial radiofrequency PVI, isolation of contiguous vessels is required to achieve a complete PVI because of the inter-PV electrical connections. 9 In CB ablation, it is possible that the inter-PV connections could have an impact on the procedure because generally 28-mm CB ablation results in an ostial PVI. The current study aimed at investigating the impact of electrical connections between ipsilateral PVs on second-generation CB ablation procedures in a large patient series.
| MATERIALS AND METHODS

| Study population
This study consisted of 511 consecutive patients with AF who underwent PVI using a second-generation CB (Arctic Front Advance;
Medtronic, Minneapolis, MN). In all the patients, the PVI was performed exclusively with a 28-mm balloon and a single 3-minute freeze strategy (without any bonus applications after the isolation). 3 Patients with any PV anomalies, including left common PVs and a right middle PV, were excluded from the study. AF was classified according to the latest guidelines. 1 All patients gave their written informed consent. The study protocol was approved by the hospital's institutional review board. The study complied with the Declaration of Helsinki.
| Mapping and ablation protocol
The surface electrocardiogram and bipolar intracardiac electrograms were continuously monitored and stored on a computer-based digital recording system (LabSystem PRO; Bard Electrophysiology, Lowell, MA 
| Statistical analysis
Continuous data are expressed as the mean ± standard deviation for normally distributed variables or as the median (25th, 75th percentiles) for nonnormally distributed variables, and were compared using a Student t test or the Mann-Whitney U test, respectively. Categorical variables were compared using the chisquare test. A P < 0.05 indicated statistical significance.
3 | RESULTS
| Clinical characteristics and procedure results
The baseline patient characteristics are summarized in Table 1 
| Electrical connections between ipsilateral PVs
In 15 (2.9%) patients, 13 LSPVs and 2 RSPVs were not isolated by the cryoapplications despite a complete vein occlusion, while they were isolated by a subsequent application at the other ipsilateral PV (Figures 1 and 2 ). Among the 13 LSPVs, six were transiently isolated by a single cryoapplication; however, they immediately reconnected after termination of the freezing. The nadir balloon temperature was similar between the 13 LSPVs that were not isolated by an LSPV application but were isolated by an LIPV application and the 488
LSPVs that were isolated by an LSPV application (−49.4°C ± 4.3°C vs −50.8°C ± 5.1°C; P = 0.328). However, the time-to-isolation was significantly longer for the six LSPVs that were transiently isolated by an LSPV application and persistently isolated by the subsequent F I G U R E 1 A, The occlusion of the LSPV with the CB was confirmed by a contrast injection before the first application. However, the LSPV was not isolated by the first application. B, The occlusion of the LIPV with the CB was confirmed by a contrast injection before the second application. The second application resulted in not only LIPV but also LSPV isolation. C, The schema shows the explanation for the mechanism. Even after creating a contiguous circumferential lesion at the LSPV ostium, the LSPV could be activated via the LIPV and inter-PV connections (red arrows). Therefore, an additional LIPV application was required for the LSPV isolation. 
Histological studies have shown that there are crossing myocardial strands on the epicardial and/or subendocardial aspects of the PV wall between adjacent PVs in some cases. 7 Electrophysiological studies also have demonstrated electrical connections between ipsilateral PVs, which imply that isolation of contiguous vessels is required to achieve a complete PV electrical disconnection. [8] [9] [10] With that background, a twoby-two circumferential PV antrum isolation was established as the standard RF PVI instead of a segmental PVI. In contrast, the recently Figure 1A) . However, the occlusion of the PV by the CB observed during the contrast injection occurs during the soft CB inflated state, but does not indicate the occlusion following the initiation of the ablation due to increase in the pressure of the CB. 11 The CB during inflation is low pressure at 1 to 2 psi, while during ablation, the CB itself enlarges and the pressure increases over 10 fold. This is often when the CB loses and changes the contact, and fails to isolate. Although we tried our best to obtain a best-fit occlusion and coaxial alignment to each PV to create homogeneous lesions circumferentially around the PV, it is possible that a better carinal ablation with a second application might isolate the upper PVs. CB contact with cardiac tissue is an important criterion for lesion formation. Changing the CB engagement might achieve segmental isolation. 12 It is also possible that our observation simply reflected a delayed isolation; however, a delayed isolation denotes a low lesion durability. Longer applications to increase the lesion durability increase the risk of collateral damage owing to creating deeper lesions outside of the carina area. Indeed, the time-to-isolation is an important parameter for lesion durability not only during the CB procedure 13 but also for focal cryoablation. 5, 14, 16 We assumed that the electrical connections between ipsilateral PVs could most likely account for this phenomenon. As shown in Figure 1C , the ostial lesions created by CB could not completely eliminate the inter-PV connections, which existed at a more distal PV level. This was more commonly observed with ipsilateral left PVs than right PVs presumably because of the thick myocardial tissue in the left ridge area and the close proximity of adjacent PVs. Indeed, a histological study also showed that right-sided connections were less common than left-sided connections. 6 Moreover, it is well known that the left carina area is the most challenging area to create a durable lesion in RF ablation. Single cryoapplications to the upper PVs might not eliminate all inter-PV connections within this thick myocardium. With CB ablation, the carina area, which included myocardial crossing fibers and thick myocardial sleeves, was ablated by both sequential LSPV and LIPV applications, which resulted in creating a robust lesion in this challenging area. This could explain the F I G U R E 2 Intracardiac electrograms from the LSPV are shown. A, LSPV potentials were recorded during AF on the achieve catheter before the application. The red arrow indicates a diaphragmatic CMAP. B, After an application at the LSPV, the LSPV potential still remained. C, After a subsequent LIPV application, the LSPV was isolated and dissociated activity was observed. AF, atrial fibrillation; CMAP, compound motor action potential; LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein [Color figure can be viewed at wileyonlinelibrary.com]
high PVI durability after the second-generation CB ablation than that after the RF ablation. 16 Our findings are clinically important. Since the nadir temperature was similar between the successful LSPV applications and failed LSPV applications, the nadir temperature was not a reliable marker to decide on the next target vein after a failed LSPV application. Therefore, when the electrical PVI was not achieved by an application despite a complete vein occlusion, it was reasonable to target the other ipsilateral PVs, which could minimize the number of cryoapplications and the total cryoapplication time during the procedure. Because of the enhanced cooling effect, the vast majority of the PVs could be isolated by a single short application with a second-generation CB; however, longer applications and multiple applications considerably increased the risk of complications, such as PV stenosis, esophageal injury, and bronchial injury. The current study highlighted the recognition of PV connections between contiguous PVs not only with RF ablation but also with CB ablation procedures.
| Study limitations
This study was a single center observational study. We have no data on when the lower PVs were initially targeted; however, theoretically similar results might be expected. Since all procedures were performed by a single transseptal approach, the exact timing of the upper PV isolation during a lower PV ablation was unknown. However, in the cases with failed CB applications for the upper PVs, we routinely re-mapped the upper PV potentials with the Achieve catheter after the CB ablation of the lower PVs. A longer freeze strategy might result in different study results; however, a short freeze strategy is currently widely accepted considering the balance between efficacy and safety. 
